A comparative biochemical characterization is described of two competing enzymes in the production of flavoring 5'-ribonucleotides, barley malt sprouts 5'-phosphodiesterase (5'-PDE) and phosphomonoesterase (PME). Fractionation of these two enzymes and partial purification of 5'-PDE were achieved by a combination of thermal treatments and precipitation with acetone. With synthetic substrates, under standard assay conditions, 5'-PDE and PME had maximum activities at pH 8.9, 70ºC and 55ºC, and K m of 0.26 mM and 0.19 mM, respectively. In the presence of 10 mM Mg 2+ ions, barley malt sprouts 5'-PDE was activated by up to 160% of the original activity, while PME was inhibited. Zn 2+ activated PME by up to 125 % of the original activity. Both enzymes were moderately inhibited after addition of Cu 2+ , Co 2+ , Ca 2+ , and Mn 2+ ions (10 mM), but, significantly, by addition of the chelating agent EDTA. In the absence of substrate and up to 80ºC, barley malt sprouts 5'-PDE showed excellent stability and retained 70% of its original activity at 70ºC after 120 min.
Several enzymes, predominantly belonging to the general group of hydrolases, are capable of digesting the nucleic acid chain, resulting in the formation of fragments of nucleotides, nucleosides, and free bases [1] . There is a considerable commercial interest in the preparation of the enzyme that hydrolyzes RNA to form 5'-ribonucleotides. The reason for this is the ability of some 5'-ribonucleotides (5'-GMP and 5'-IMP) to improve the richness and intensity of flavors without themselves contributing to the taste of a food product [2] .
The enzyme of particular interest is known as 5'phosphodiesterase (5'-PDE, EC 3.1.4.1). The ubiquity of phosphodiesterases in the plant kingdom has been discussed by Razzel [3] . Rapidly proliferating parts of germinating seeds are a very good source of 5'-PDE and particularly suitable are the sprouts of seeds which can be malted, such as oats, barley, corn, wheat, rye, millet and rice [2] . Since barley is commonly germinated in large quantities for the production of malt used in breweries, barley malt sprouts (constituted of acrospires and rootlets), which belong to the GRAS category could serve as a cheap and rich enzyme source for the production of 5'-ribonucleotides from RNA or 5'-nucleotide-rich extracts directly from yeast [4] [5] [6] . Apart from 5'-PDE, phosphomonoesterase (PME, EC 3.1.3.5) has also been found in barley malt sprouts. PME is known for its activity in splitting flavor enhancing 5'-nucleotides to their corresponding nucleosides and orthophosphates, causing a decline in the flavor enhancing ability of the final product [7, 8] . It has been suggested that some enzymes exhibit both 5'-PDE and PME activity, although it is often difficult to exclude the possibility of other contaminating enzymes [9] . Thus, it becomes critical for the enzyme preparation used in production of 5'-nucleotide rich extracts to have maximum activity of 5'-PDE for the formation of the expected product, with minimal activities of the other competing enzymes.
Until now there have been only a few reports describing the purification and characterization of purified 5'-PDE from barley malt sprouts [8, [10] [11] [12] [13] , but no attention had been paid to the biochemical characterization of barley malt sprouts PME, which is the main contaminant of crude or partially purified 5'-PDE preparation. We found that the characterization of PME is of great importance when dealing with partially purified barley malt sprouts 5'-PDE activity. The present work describes the comparative biochemical and thermal stability, and activity characterization of partially purified barley malt sprouts 5'-PDE and contaminating PME. We have, thus, attempted to cover overall characterization of these two competitive barley malt sprouts enzymes.
The 5'-PDE was extracted from barley malt sprouts by simple overnight extraction in distilled water at room temperature. Although results showed that barley malt sprouts contain appreciable quantities of 5'-PDE, unfortunately, the PME activity in the crude enzyme preparation was much higher, so the achieved ratio of 5'-PDE/PME activity was only 0.17 ( Table 1 ).
These results showed quite a low specific activity (0.53 U . mg -1 ) level of barley malt sprouts 5'-PDE in crude extract, compared to the PME specific activity (3.13 U . mg -1 ). Because of the relatively high PME activity, crude enzyme preparations obtained by this extraction procedure had to be purified in order to have a high 5'-PDE activity with the greatest possible diminution of contaminant PME activity. Enzyme partial purification was achieved by a combination of thermal treatment ( Figure 1 ) and acetone precipitation. By heating the crude enzyme preparations at 70ºC for 15 min, we obtained an enzyme preparation having a ratio of 5'-PDE to PME activity of 6:1 ( Table 2) . A further step in the purification sequence was fractional acetone precipitation. The final results were satisfactory because a high 5'-PDE/PME activity ratio of at least 9:1 was achieved ( Figure 2 ). The simplicity of the purification procedure, which could be used in a large-scale industrial production of flavor enhancers (5'-ribonucleotides), seems promising compared with procedures described in the literature where 5'-PDE from barley malt rootlets was purified by three to five steps in complex purification sequences [10, 12, 13] . The kinetic parameters [Michaelis-Menten constant (K m )] of the barley malt sprouts 5'-PDE and PME, estimated at pH 8.9 with nitrophenyl-pT and pNTT as substrates, by linear regression from double-reciprocal plots, according to Lineweaver and Burk [14] , were 0.26 mM and 0.19 mM, respectively ( Figure 3 ). The obtained K m for partially *Reference values are the activities of control 5'-PDE and PME samples [13] found that K m values of purified 5'-PDE and PME from germinated barley were 0.33 mM and 0.23 mM, respectively. Compared with the K m values of the 5'-PDE from other plant sources, this K m is relatively high. For nitrophenyl-pU, the alkaline 5'-PDE of sugar beet leaves [15] had a K m value of 0.19 mM. The acid 5'-PDE of cultured tobacco cells had a K m value of 0.17 mM [16] , and that from carrot [17] for nitrophenyl-pT was 0.02 mM. The study of the effects of different cations on barley malt sprouts 5'-PDE and PME activity are shown in Table 3 . Among various divalent metal ions examined (Mg 2+ , Zn 2+ , Mn 2+ , Co 2+ , Ca 2+ and Cu 2+ ), only Mg 2+ stimulated 5'-PDE activity with nitrophenyl-pT as a substrate, by up to 160 % of the original activity, but all others metal ions caused slight (Zn 2+ ) or moderate inhibition. EDTA, that tends to chelate metal ions, inhibited the enzyme activity significantly, indicating that barley malt sprouts 5'-PDE is a metallo-enzyme. A similar effect of EDTA on 5'-PDEs from carrot [18] , tobacco cells [16] and Avena leaf tissues [19] has been reported. Nevertheless, it may be interesting to note that, although EDTA inhibited 5'-PDE activity significantly, barley malt sprouts 5'-PDE in this work appears to be the first partially purified enzyme which is active, even in the presence of 10 mM EDTA. Apart from 5'-PDE, barley malt sprouts PME showed a requirement for Zn 2+ ions, which stimulated its activity by up to 130%, while other metal ions slightly inhibited its activity and EDTA inhibited PME activity by 80%.
The pH range between 4.0 and 12.0 was used to study the effect of pH on 5'-PDE and PME activities (Figure 4) . The pH-dependent variation of the relative activity (%) of barley malt sprouts 5'-PDE and PME demonstrated a single sharp alkaline pH optimum at pH 8.9 in Tris-HCl buffer for the enzymatic reaction with nitrophenyl-pT and pNPP as substrates, respectively. A rapid decline in both enzyme activities was observed on both sides of the pH optimum. The enzymes are virtually inactive below pH 7.0 and above pH 10.1. The pH optimum of 5'-PDE from barley malt sprouts is different from that reported by Figure 5 : Effect of temperature on 5'-PDE and PME activity. The enzymes were heated in 50 mM Tris-HCl buffer (pH 8.9) for 10 min at the indicated temperature, and then the mixtures were rapidly chilled in ice. The activities of samples were assayed immediately, by standard assays, with either 2.0 mM nitrophenyl-pT (■), or 2.17 mM pNPP (•) as substrates for 5'-PDE and PME, respectively.
Dhule et al. [13] , who found it to be 5.0 for both 5'-PDE and PME, with a slight elevation in activity at pH 8, but quite consistent with pH 9.5 reported by Wang et al. [8] and for Avena leaf tissues (pH 9.3) [19] .
The temperature optima curves for barley malt sprouts 5'-PDE and PME are shown in Figure 5 . 5'-PDE had an optimum temperature at 70ºC, while PME had an optimum at 55ºC. These results underline a segregation of optimal 5'-PDE and PME activities that could help in removal of contaminating PME activity. Furthermore, the obtained results indicated that 5'-PDE is more thermostable, which confirm the results obtained by thermal deactivation of PME from barley malt sprouts crude extract ( Table 2 ). The thermostability of both 5'-PDE and PME was determined by measuring the residual activity of 5'-PDE at 37, 55, 65, 70, 75 and 80ºC ( Figure  6 ), and PME activity at 37, 55, 65, and 70ºC (Figure 7) , after incubation of the enzyme preparations in Tris-HCl buffer, pH 8.9, for different periods (up to 120 min) in the absence of substrate. The obtained results confirm that barley malt sprouts 5'-PDE is a very thermostable enzyme, even at high temperatures, because at 70ºC the enzyme retained about 80% of its activity. Similarly, in another Figure 7 : Effect of temperature on PME stability. The enzyme was heated in 50 mM Tris-HCl buffer (pH 8.9) for up to 120 min at different temperatures (37, 55, 65 and 70ºC), and then the mixtures were rapidly chilled in ice. The activities of samples were assayed immediately, by standard assays, with 2.17 mM pNPP as substrate for PME. studies, the optimum temperature for barley malt rootlets 5'-PDE was reported to be 60 and 50ºC [8, 13] . It is also interesting to note that the enzyme lost only 10% of its activity in the first 10 min at temperatures ranged between 65 and 75ºC. Barley malt sprouts PME showed highest thermostability at 55ºC with a loss of about 50% activity after 120 min. At higher temperatures (75ºC and above) PME lost its activity after 10 min.
In conclusion, two competing enzymes, barley malt sprouts 5'-phosphodiesterase (5'-PDE) and phosphomonoesterase (PME) were obtained after overnight extraction with water. The obtained results indicated that in the crude extract the PDE/PME ratio was about 9:1. K m values of 0.26 mM and 0.19 mM were found for barley malt sprouts 5'-PDE and PME, respectively. Testing the impact of divalent cations on enzyme activity suggested a difference in the metal ions needed to improve the activity of these enzymes. Thus, Mg 2+ ions enhancing the activity of 5'-PDE by up to 160%, while the increased activity of PME (130%) was attributed to Zn 2+ ions. Both enzymes showed maximum activities at pH 8.9, which indicates that pH is not a factor for the reduction of PME activity. Optimal PME activity was reached at 55ºC, while the optimum for 5'-PDE was 70ºC. These results are consistent with the results obtained after thermal treatment of both enzymes at 70ºC, where significantly reduced PME activity was achieved. Similarly, exposure to different temperatures (37 to 80ºC) for 120 min, confirmed the thermostability of 5'-PDE, even at high temperatures (65-75ºC), while PME showed thermostability up to 55ºC; at higher temperatures, activity was lost after 10 minutes. By carefully selecting the parameters that will ensure the maximum reduction of PME activity (temperature higher than 60ºC for an extended period, lack of Zn 2+ ions, and the addition of Mg 2+ ions) one can largely remove PME activity and enhance that of 5'-PDE for flavor enhancing 5'ribonucleotides for the benefit of industrial production.
Experimental
Raw material: Dried barley (Hordeum distichum var. Rex) malt sprouts were kindly obtained as a byproduct of the malting industry, "Slavonija-Slad" (Nova Gradiska, Croatia).
Substrates and reagents:
Thymidine 5'-monophosphate pnitrophenyl ester (denoted as nitrophenyl-pT in this article) and p-nitrophenyl phosphate (pNPP) were purchased from Sigma Chemical Co., USA. Bovine serum albumin (BSA) and Tris base were purchased from Boehringer Mannheim, Germany. All other reagents were of analytical grade. Crude enzyme extraction: 5'-PDE was extracted overnight from the barley malt sprouts with 10-fold (w/v) distilled water at room temperature (25ºC). After extraction, the sample was homogenized by gentle shaking and then squeezed through several layers of cloth and finally centrifuged for 20 min at 8000 rpm/min at +4ºC to remove barley malt sprouts. The clarified supernatant was used as the crude enzymes preparation.
Partial purification: 5'-PDE partial purification was achieved by a combination of thermal treatments at 70ºC and fractionated acetone precipitation [10, 18] . For the thermal treatments, 3 different preparations of sample were heated at 70ºC for 15 min [20] : homogenate of barley malt sprouts (1 st method), filtrate (2 nd method) and supernatant (3 rd method). The control was crude enzyme preparation without thermal treatment (Figure 1 ). After that, to the supernatant (3 rd method of thermal treatment) was added 60% (v/v) of acetone (precooled to -18ºC); the solution was homogenized by Vortex, and the mixture kept at 4ºC for 30 min. The supernatant from centrifugation at 8000 rpm/min at 0ºC was poured off (first precipitate remained), and to this was added 60% (v/v) of acetone. This mixture was kept at 4ºC for 18 h and then centrifuged (second precipitate remained). To the supernatant was added 20% (v/v) of acetone and the mixture was maintained for 30 min at 0ºC [10] . The third precipitate, obtained by centrifugation of this final mixture, was dissolved in 50 mM Tris-HCl, pH 8.9, and used as the partially purified enzyme preparation.
Assays of 5'-PDE and PME activity

5'-PDE activity:
The activity of 5'-PDE was determined according to the continuous-time method of Harvey et al. [18] , with some modifications. The reaction mixtures contained 50 mM Tris-HCl, pH 8.9, 2.0 mM nitrophenyl-pT, and enzyme solution, in a total volume of 3 mL. The increase in absorbance at 405 nm, due to the enzymatic liberation of p-nitrophenol from the substrate, was followed at 55ºC for 15 min in a thermostable compartment of a dual-beam UV-visible Cary 3 spectrophotometer (Varian). 5'-PDE activity was calculated using an extinction coefficient of 1.85 . 10 4 cm -1 mol -1 for p-nitrophenol. The enzymatically liberated pnitrophenol was calculated from a previously established standard curve, using p-nitrophenol as a standard. One unit of enzyme activity was defined as the amount of enzyme producing 1 μmol of p-nitrophenol per min under standard assay conditions. Specific activities of the examined enzymes were expressed in units (U) per mg -1 protein. The K m value of the enzyme preparation was determined by the method of Cleland [21] , with different concentrations of nitrophenyl-pT as a substrate.
PME activity:
The activity of PME in enzyme preparations was measured by a continuous-time method in the following incubation mixture: 50 mM Tris-HCl, pH 8.9, 2.17 mM pNPP and enzyme solution, in a total volume of 3.0 mL. The reaction was undertaken in the same way as that for the 5'-PDE activity assay. The K m value of the enzyme preparation was determined by the method of Cleland [21] , with different concentrations of pNPP as substrate.
Protein determination: Proteins were determined either by measuring the absorbance at 260/280 nm [22] or by the method of Lowry et al. [23] with crystalline bovine serum albumin in the appropriate concentration of Tris-HCl buffer, pH 8.9, as a standard.
Effect of pH on 5'-PDE and PME activity:
The effect of pH on 5'-PDE and PME activity was determined by assaying the enzyme activities at different pH values ranging from 4.0 to 12.0 using 50 mM concentrations of the following buffer systems: sodium acetate ( pH 4.0-5.0), sodium phosphate (pH 6.0-7.0), Tris-HCl (pH 8.0-8.9), and sodium carbonate-bicarbonate (pH 9.2-12).
Effect of temperature on activity and stability:
Standard enzyme assay procedures at different temperatures, ranging from 37 to 80ºC were performed. Prior to the addition of the partially purified 5'-PDE or PME, the substrates 2.0 mM nitrophenyl-pT or 2.17 mM pNPP, respectively, were pre-incubated at the respective temperature for 10 min. The percentage of relative activities was expressed as the ratio of the 5'-PDE or PME activities at a certain temperature to the maximum activity at the given temperature range. The thermo stability of the estimated enzymes was investigated by measuring the residual activity after incubating enzymes at various temperatures ranging from 37 to 80ºC for 120 min.
Statistics: Data were expressed as mean ± S.E.M. Statistical analysis involved one-way analysis of variance (ANOVA) followed by Dunnett's t-test for multiple comparisons. In comparisons against the control sample, values of P less than 0.05 were considered significant.
